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Introduction
Sr isotope analysis of tooth enamel is a useful provenancing technique to investigate the childhood origins and residential mobility of ancient people (e.g. Bentley and Knipper, 2005; Evans and Tatham, 2004; Ezzo and Price, 2002; Montgomery et al., 2000 Montgomery et al., , 2003 Price et al., 2002 Price et al., , 2004 . Enamel is a highly mineralised, acellular, biogenic apatite that is particularly resistant to post-mortem contamination and thus preserves the integrity of lifetime signatures (Budd et al., 2000; Hoppe et al., 2003; Montgomery, 2002; Trickett et al., 2003) . The 87 Sr/ 86 Sr value of enamel is derived from food and water ingested when the tissue was mineralising, that is, in early childhood. Food and water have 87 Sr/ 86 Sr values that reflect their geographical origin because Sr weathers from the host rock into groundwater, river water and overlying soils and is ultimately transferred unfractionated into plants and animals (Åberg, 1995; Capo et al., 1998; Ericson, 1985; Price et al., 2002) . This provides the mechanism to establish whether a person or animal has an isotope ratio consistent with locally grown food or locally sourced water, and if this is not the case, to conclude that they either imported substantial resources from elsewhere (perhaps more likely in modern populations) or that they had moved from a different geological province at some time after the tooth had mineralised.
An ideal outcome is that the Sr isotope ratios of the population under study divide neatly into two (or more) visibly separate groups on a isotope plot. However, this rarely happens and investigators are frequently faced with a smear of data points with no discernible break and, perhaps, one or two obvious outliers (see for example Montgomery et al., 2005; Schweissing and Grupe, 2000) . In such a situation it is often very difficult to ascertain where one should draw a line between local people and those from elsewhere or if only the outliers can confidently be ascribed non-local status. It is clearly more difficult to identify two populations if some degree of overlap, arising perhaps through similar biosphere values being available in their respective home regions, is present in the range of 87 Sr/ 86 Sr values .
Given this potential for overlapping 87 Sr/ 86 Sr ranges in populations originating in different geographical regions, it is perhaps not surprising that it has often proved difficult in previous UK studies to resolve the respective ranges of two supposedly different populations (Evans and Tatham, 2004; Montgomery et al., 2005) . Several authors have advocated identifying local populations by the application of a statistical or numerical cut-off based on two or more standard deviations from the mean of bone or animal values (Bentley et al., 2004; Grupe et al., 1997; Horn and Müller-Sohnius, 1999) . Whilst this may work well in the specific time period, region and site they are investigating, such a parametric method presupposes that the local population will produce a Gaussian distribution of 87 Sr/ 86 Sr values which, as in the case of lead isotope fields, is more likely to be the exception rather than the rule, rendering many statistical methods inappropriate (Baxter, 1999; Scaife et al., 1996) . Moreover, the number and type of end-members and degree of variation a population exhibits may change considerably as we move from different geological, geographical and even cultural milieu. The absolute value and the magnitude of the required cut-off will be very specific to the local area and its geology, rendering each site different.
Our current model for Sr isotope uptake from the geosphere in a maritime environment such as the British Isles, is that a community living on and sourcing their food from a single, homogeneous rock unit will nevertheless exhibit a range of 87 Sr/ 86 Sr values that fall between two end-members: the local rock and rainwater (Evans and Tatham, 2004; Montgomery, 2002; Montgomery et al., 2005 rainwater in coastal regions is very similar to seawater but over landmasses, the incorporation of terrestrial dust aerosols will progressively alter the original marine signature (Capo et al., 1998; Faure, 1986 (Åberg, 1995; Andersson et al., 1990; Bacon et al., 1995; Land et al., 2000; Miller et al., 1993) . For example, Negrel et al. (2001) found that rainwater varied between 0.70901 and 0.71060 in the Massif Central region of SE France but had a mean value of 0.70943 weighted by % of rainfall.
Consequently, a sedentary, self-sufficient population will not define a normally distributed range of 87 Sr/ 86 Sr values around the local rock value but a range offset above or below the rock value (Montgomery et al., 2005) . representative of the whole-rock value but will be dominated by unradiogenic Sr derived from the more easily weathered minerals such as calcite and feldspar (Åberg, 1995; Bau et al., 2004; Blum et al., 1993; Evans and Tatham, 2004; Jacobson and Blum, 2000 
Methods and materials
Enamel samples were of core enamel only. Once childhood tooth mineralization is complete, core enamel is resistant to subsequent isotopic or elemental changes either during an individual's lifetime or during burial, whereas dentine equilibrates with the burial environment (Bocherens et al., 1994; Budd et al., 2000; Glimcher et al., 1990; Hoppe et al., 2003; Montgomery, 2002) . To remove soil-derived particulate on the tooth surface, all enamel surfaces were abraded to a depth >100 μm with acidcleaned, tungsten carbide dental burrs. All adhering dentine and enamel-dentine junction tissue were also removed entirely. Dentine samples were removed from the tooth crown and all surfaces abraded with tungsten carbide dental burrs. Sr was normalized to a NBS 987 value of 0.710250. The Sr contribution from within-run laboratory blanks was ≤ 150 pg.
External reproducibility was estimated at 0.004% (2σ).
Results

The Yorkshire Wolds
The precise nature of the Neolithic-Bronze Age transition and when sedentary agriculturalism commenced in Britain remain major questions in British archaeology and the archaeological aim of this study was to investigate diet and mobility within and between Neolithic and Bronze Age populations in prehistoric East Yorkshire (Cooper, 2004) . Sr ratios from 0.7075 to 0.7077 Montgomery, 2002; Montgomery et al., 2005 Montgomery et al., , 2006 . According to our simple two-component model, a community subsisting entirely on food sourced from a chalk substrate plus an input from rainwater should define a spread of ratios from ~0.7075 to ~0.7092.
Although the two groups of data show almost total overlap in both Sr concentration and 87 Sr/ 86 Sr ratios, making it difficult to separate them based only on individual values, the structure within the two data sets differs markedly. The Bronze Age individuals split into two groups, both of which form discrete linear arrays (labelled A and B) that appear to converge on a lower end-member ~0.7075. Such arrays occur when the samples contain variable mixtures of just two sources of Sr which have different ratios and concentrations (Faure, 1986) . In contrast, the Neolithic individuals form a diffuse cloud of data points with 87 Sr/ 86 Sr values ranging between 0.7079 and 0.7102. The lack of a direct linear relationship between the samples implies the presence of more than two end-members.
Tooth enamel contains Sr that was ingested over a specific and restricted period of time during childhood when the tooth analysed was mineralising. In human terms, therefore, the Bronze Age data is consistent with both groups procuring resources from only two sources of Sr and a different mix of these two Sr inputs has resulted in enamel samples containing various mixtures of the two sources. Such variability could arise through necessity with seasonal availability of resources, personal food preferences or, given the imprecision inherent in archaeological dating, gradual change over longer timescales. Amongst the Neolithic population, however, no such control over resources seems to be present and the distribution of the data is indicative of resources having been procured from more than two Sr sources. This suggests that the earlier Neolithic population were more eclectic and opportunistic in their exploitation of resources and foraged over a wider geographical area beyond the Wolds.
For the Bronze Age population Line A has a radiogenic upper end-member  0.7120. end-member in both Bronze Age groups. Equally, it could be that both groups were regularly visiting the Wolds for cultural reasons, the area is rich in ceremonial sites such as henges, and thus coming together there at certain times of year. In this regard, it should be noted that for one Bronze Age male adult, two teeth were sampled. The canine tooth (0-5 years of age) plots on Line A whilst the later forming third molar tooth (7-12 years of age) plots on Line B suggesting a move in later childhood from one resource-group to the other. We believe it is unlikely that the mixing lines are evidence for a single migration event to the Wolds from elsewhere as all of the individuals analysed would have had to make this move as children whilst the specific teeth we analysed were mineralising in order to incorporate different mixtures of the two sources.
The Outer Hebrides
The Outer Hebrides are the most northwesterly islands of the British Isles (Figure 1 ). (Bullman, 2003) . This has lead to the hypothesis that the biosphere Sr of this maritime island chain is dominated by 87 Sr/ 86 Sr = 0.7092 of marine (e.g. rainwater, fish, marine mammals, sea-splash, seaweed as fertilizer, food and fodder) and machair (e.g. grazing and arable crops) origin with only a limited contribution from the gneiss . (Kvamme et al. 2004) . The herbivores, also, are dominated by marine Sr, although they have much higher enamel concentrations than the humans. This is not unexpected in vegetarians (Bocherens et al., 1994; Tuross et al., 1989) . The
Hebridean herbivores do not follow the same trajectory as the humans but they do not consume the same diet. Clearly the Sr concentration in the herbivore enamel is not directly relevant to human diets, because people do not eat teeth, and meat and milk contain much less Sr than skeletal tissues (Burton et al., 2003; Burton and Wright, 1995; Tsalev, 1984) . Moreover, not all dietary components will contribute equally to body fluids due to complex synergisms and antagonisms with other dietary components such as calcium, fibre and protein, which ensure that there is no simple direct transfer of Sr from the diet to the skeleton (Elias, 1980; Elias et al., 1982; Burton and Wright, 1995; Burton et al., 2003) . It is, therefore, possible that the herbivores are the immediate dietary upper end-member for the human population and a proxy for the gneiss, despite falling on the left-hand side of the plot in Figure 3 . The data from modern plants (Table 2) shows that blackland and hill-land grazing can provide 87 Sr/ 86 Sr values at the upper end of the Outer Hebridean biosphere range (i.e.
-0.7104).
Diagenesis
An alternative explanation for the presence of mixing lines in these studies would be that they are produced by postmortem incorporation of Sr from the burial environment. The unexpectedly high enamel Sr concentrations found in the Hebridean machair dwellers are a particular cause for concern although they do not exceed normal modern concentrations which are known to be geographically variable but are typically 50-300ppm (Aufderheide, 1989; Brudevold and Söremark, 1967; Budd et al., 1998; Chaudhri, 1995; Elias, 1980; Elliott and Grime, 1993; Hancock et al., 1989; Lee et al., 1999; Montgomery, 2002; Montgomery et al., 1999; Underwood, 1977) . Is it possible, for example that the two groups are simply contaminated and uncontaminated samples rather than immigrant and indigenous humans? However, such a conclusion would require that human and herbivore enamel were being acted upon differently in the burial environment despite all being buried in machair soil, and require the presence of biosphere sources to provide the necessary end-members for the silicate mixing line. In the Yorkshire Wolds study, all individuals were excavated from barrows on the Chalk and it would be difficult to make a case that diagenesis was only affecting the Bronze Age burials in this manner, especially since they had spent less time in the ground than the Neolithic burials.
For some of the teeth we analysed, we also sampled dentine from the crown of the tooth. There is considerable overlap in the mineralisation periods of enamel and primary crown dentine and neither tissue subsequently remodels or re-grows (Boyde, 1989; Fincham and Simmer, 1997; Sasaki et al., 1997; Veis, 1989; Wieser et al., 1996) . Consequently, in modern individuals we can expect the Sr concentration and isotope ratio of these two tissues to remain very similar and this does appear to be the case even in individuals who have subsequently been exposed to different sources of Sr (Montgomery, 2002; Tsalev, 1984) . Similarly, archaeological individuals that have not been buried, such as the Neolithic skeleton HAUG-1 (Table 1) which was removed from a chambered tomb in which we presume very limited exposure to soils and fluids took place, also show this pattern. However, in teeth excavated from soil burials it is usual for dentine to contain more Sr than enamel and this increase is normally coupled with 87 Sr/ 86 Sr ratios intermediate between the enamel value and that of the burial soil (Budd et al., 2000; Montgomery, 2002; Trickett et al., 2003) . Figure   4 shows paired enamel and dentine values for three teeth excavated from three different barrows. Diagenetic vectors are shown representing two-component mixing between the biogenic composition of the enamel (used as a proxy for biogenic crown dentine) and the mobile Sr in the burial environment, which has produced a postmortem shift in the crown dentine composition. (Mortimer, 1905 ). It appears that the contaminated dentine samples are not on the same mixing trajectory as the enamel samples whose biogenic isotopic integrity is intact. This discrepancy is also apparent when dentine samples from the Hebrides are plotted with the enamel data. Figure 5 shows that dentine samples are moving away from the enamel compositions and the diagenetic vectors are converging on 87 Sr / 86 Sr  0.7100 rather than the biosphere lower end-member indicated by the enamel samples of 0.7092. The distribution of the dentine samples is also quite different to that of the enamel samples as there are no enamel data points within the diagenetic triangle defined by the dentine samples, which we would perhaps expect to find if enamel samples were being contaminated with Sr from the same source. Enamel samples equilibrating with burial Sr would not move down the silicate mixing line and then across but would move directly towards the value for diagenetic Sr. An exception to this is the sample from a neonatal infant (labelled G), from which only a partially formed deciduous tooth crown could be sampled. This tooth crown contained no fully mineralised enamel and was dark brown and relatively soft and it is possible that it did not have the same resistance to diagenesis as the fully mineralised, hard, translucent, white tissue analysed from the remaining samples in this study.
Discussion
A linear mixing relationship between human enamel samples requires not only close control over the isotope ratio but also over the concentration and, whilst it may be perfectly reasonable to assume that random mixing of two food types may produce an assortment of diets on such a linear array with two identifiable end-members, because there is no opportunity for Sr to be added or taken away, obtaining such a relationship from biological skeletal tissues is considerably more complex. Although Sr concentrations in skeletal tissue may be dose-dependent (Comar et al. 1956; Boivin et al. 1996) , experimental studies have concluded that there is no straightforward, linear, relationship between the amount of Sr in any given diet and the amount of Sr in the resulting tissue (Elias 1980; Burton and Wright 1995) . Biological organisms are not rocks; physiological processes can act upon the amount of Sr that is finally deposited in tooth enamel at all the stages in its journey from the stomach to its final deposition in enamel. Moreover, Sr is not evenly distributed across all tissues; in mammals, most resides within the skeleton and given bone formation and turnover rates is unlikely to be in constant equilibrium with the diet. Enamel concentrations may be increased or reduced relative to the concentration in any one food type and not all dietary components will contribute equally; indeed some may not contribute at all. Why, then, should we expect to find such a relationship between a human population and its diet?
What is remarkable, given the discrepancy we might consequently expect between the concentration in the diet of an individual and the resulting concentration in their enamel, is the extremely good fit of the human samples on the mixing lines presented here. From a geochemical perspective, this is highly unlikely to arise from coincidence. As Faure (1986) 87 Sr/ 86 Sr ratios were modified after mixing had occurred". He is not writing about biological organisms, but the individuals in our case studies do indeed appear to be strongly related in such a simple binary relationship that can be explained through access to food and water that derives from two, and only two, sources of strontium. However, in order for these individuals to lie on the mixing line, not only their isotope ratio but also the concentration of Sr in their enamel must be very closely controlled by the two geological sources providing the dietary Sr and not modified subsequently. Such a finding clearly has implications for studies that use Sr/Ca ratios as an indicator of trophic level and food sources because, as already suggested by Burton et al. (2003) , it raises the possibility that in certain locations geological, rather than biological, processes will control the amount of Sr in skeletal tissue.
asserts "The goodness of fit of the data points to a straight line is a test for the validity of the mixing hypothesis and of the assumption that neither the Sr concentrations nor the
For the Yorkshire Wolds study, archaeological dating and funerary evidence accords well with the geochemical evidence; they independently separate the individuals into the same two period-based groups suggesting the difference in food procurement strategy is a change through time (Cooper, 2004) . Despite the strong linear relationship between the members of the Hebridean silicate group, radiocarbon dates from these individuals span nearly the whole of the first millennium AD and there is little archaeological evidence to link them together. As previously mentioned, one possible region that might provide such mixing and migration opportunities is the Tertiary Volcanic Province (Figure 1 ) where young basaltic rocks have extruded through the ancient Lewisian crust, as on the nearby Isle of Skye and Scottish mainland (Fowler et al. 2004 
